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Abstract 
 
The morphology and crystal structure of rhombohedral B12As2 thin films prepared by 
chemical vapor deposition on Si (100), Si (110) and Si (111) substrates were examined. 
For short depositions, 30 seconds at 1300 °C, the B12As2 nucleated in patterns that were 
unique to each substrate orientation, probably due to variations in the surface atomic 
structure and surface activation energy of the substrates. Small square domains, one 
dimensional straight lines, and irregular lines were the representative morphologies on Si 
(100), Si (111) and Si (110), respectively. For long deposition, 30 minutes at 1300 °C, 
continuous thin films of B12As2 formed with distinct morphologies also dependent on the 
orientation of the substrates. “Cross”, “wire” and “chain” morphologies were formed on 
the Si (100), Si (111) and Si (110) substrates, respectively. X-ray diffraction showed that 
the B12As2 films had the following predominant oriented textures: B12As2 (110) on Si(100), 
B12As2 (101) on Si(111), and B12As2 (001) on Si(110). The in-plane orientations of the 
B12As2 films as determined by XRD pole figures, is also reported. 
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1. Introduction 
The distinctive structure and properties of rhombohedral semiconducting borides make 
them potentially useful for beta cells, devices for converting beta radiation energy into 
electricity [1]. There are two rhombohedral boron-rich wide bandgap semiconductors:  
B12As2 (Eg = 3.47 eV) and B12P2 (Eg = 3.35 eV).  The structure of these borides consist 
of 12-boron-atom icosahedra located at the corners of a rhombohedral unit cell and 
two-atom As-As or P-P chains spanning the unit cell body diagonal aligned with the c-axis 
[2,3,4]. Boron atoms are located at the 12 vertices of each icosahedra, and the icosahedra 
are bound by boron-boron bonds to form the α-rhombohedral boron structure. The As-As 
or P-P two-atom chains are surrounded by, and bonded to neighboring boron icosahedra. 
The internal and external bondings of the boron icosahedra are very strong and stiff [3,5]. 
An attractive property of these borides is that they “self-heal” from radiation damage; 
radiation-induced boron interstitials and vacancies rapidly recombine [6].  
The literature on the growth of B12As2 crystals is very limited [7-10]. Recently, B12As2 
thin films have been deposited on 6H-SiC (0001) substrates at process temperatures up to 
1400 °C [11-14]. Silicon is an alternative substrate worth consideration for the B12As2 thin 
film deposition, since Si substrates offer several advantages over SiC, including much 
lower costs, the availability of larger area substrates and the possibility of combining Si 
logic circuits with boride power sources on a single substrate. Previous results showed that 
the B12As2 films formed on Si substrates at 1150 °C by chemical vapor deposition were 
amorphous or polycrystalline [8-10]. The orientation relationships obtained by Hirayama et 
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al [8] were B12As2 (110) 110   // Si(100)<100>, B12As2(110) 110   
//Si(110) 110  , and B12As2(211) 112  //Si(111) 101  .  
In this article the nucleation behavior, the deposit morphology, and the orientation 
texture of B12As2 thin films formed on the three most common silicon substrates 
orientations are described.  The B12As2 thin films were prepared by chemical vapor 
deposition at a higher process temperature than in previous studies employing silicon 
substrates, 1300 °C.  At this deposition temperature textured polycrystalline thin films 
were deposited. The preferred orientations were determined by x-ray diffraction 
techniques.   
 
2. Experimental 
B12As2 thin films were deposited in an inductively heated horizontal quartz CVD 
reactor. The source gases were 1% B2H6 in H2 and 2% AsH3 in H2. The flow rates of B2H6 
and AsH3 source gases were 100 sccm and 10 sccm, respectively. The carrier gas was 
palladium membrane purified hydrogen with a constant flow rate of 2.5 slm. The Si 
substrates, including Si (100), Si (110) and Si (111), were etched with the HF solution, 
ultrasonically degreased by the acetone and methanol solutions, and dried using filtered 
nitrogen. The substrates then were placed inside a hollow tantalum carbide coated graphite 
susceptor. The susceptor/substrate temperature was measured by a thermocouple. Films 
were deposited at 1300 °C and a constant pressure of 500 torr. 
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The nucleation layers were produced by depositing on the silicon substrates at 1300 °C 
for 30 seconds. The distribution and the shape of the B12As2 nuclei were thus studied by 
atomic force microscopy (AFM). The thicker (approximately 1 µm) B12As2 thin films were 
formed by 30 minute depositions at 1300 °C. The morphology of these B12As2 deposits 
was characterized by scanning electron microscopy (SEM).  
The theta-two theta XRD measurements were taken at the Kansas State University, 
using a Bruker AXS D8 ADVANCE XRD instrument. To analyze the texture of the 
resultant B12As2 films, x-ray pole figures were collected at Oak Ridge National 
Laboratories using a Scintag PTS 4-axis diffractometer with a 5 x 2 grid: the rotation angle 
(PHI) was changed from 0 to 355 degrees in 5 degree increments, and the tilt angle (CHI) 
was changed from 0 to the end value in 2 degree increments (while the diffraction angle, 
two theta, was held fixed for the reflection of interest). 
 
3. Results and Discussion 
(1) Morphology analysis (by AFM and SEM) 
Atomic force micrographs of the B12As2 nucleation layers, scanning electron micrographs 
of the continuous B12As2 films, and schematic diagrams showing the position of atoms for 
the silicon substrates are presented for Si(100), Si(111), and Si(110) in Figures 1-3 
respectively.  The height of the nuclei were around 30 ~ 50 nm on all substrates. On Si 
(100), the nuclei were uniformly distributed, and they were about 30 ~ 35 nm high and 200 
nm in diameter (Fig 1(a)); on Si (111), the nuclei were highly aligned in one direction (Fig 
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2(a), and they were about 40 ~ 50 nm high and 200 nm wide; and on Si (110), a 
“chain”-like nucleation layers were very clear, with a height of 50 nm and a chain width of 
around 500 nm.  
Examining the thicker B12As2 deposits by SEM revealed morphologies with 
symmetries characteristic of the underlying substrates.  On Si(100) substrates (Fig. 1b) 
the B12As2 grains are rod-like with a flat surface parallel to the film surface.  The rods 
seem to have two dominant orientations with grains rotated by 90° with respect to each 
other.  The film on Si(111) substrates (Fig. 2b) features highly-faceted rods.  Because the 
grains are rods, three dominant orientations can clearly be seen.  However, one orientation 
is more dominant (running from bottom right to upper-left in Fig. 2b). The pronounced 
faceting seen in the B12As2 film on Si(111) (Fig. 2b) suggests the corner of a hexagonal 
structure, and is significantly different than the smoother films seen on Si(100) and Si(110) 
substrates. Films on Si(110) are flat platelets that do not have one direction longer than 
another (Fig. 3b).  This morphology is characteristic of a hexagonal material with its basal 
plane parallel to the film’s surface.   
As seen the AFM and SEM images, the variation of the morphology of the B12As2 thin 
films could be a consequence of the differences in the nucleation morphology. Moreover, 
the distinct nucleation morphology and orientations on these substrates is probably due to 
the variation in the surface atomic structure and the surface activation energy of the 
substrates. Shown in Figures 1c, 2c, and 3c are the planar atomic configurations along Si 
[100], Si [111] and Si [110] respectively [15]. In Fig. 1c and 3c the Si (100) and Si (110) 
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unit planes consist of the atoms illustrated with solid circles, while the Si (111) plane is 
made up of the atoms illustrated with solid and open circles in Fig. 2c. The Si atoms in the 
(100) plane form a “cross”; the Si atoms in the (111) form a “triangle”; and the Si atoms in 
the (110) form a “chain”. The substrate surface atomic configurations have dominated the 
subsequent B12As2 nucleation and film growth. 
 
(2) Structure analysis (by XRD theta-two theta scanning) 
In Fig. 4, theta-two theta XRD patterns are presented from the B12As2 films deposited 
on the three types of silicon substrates, along with a XRD pattern for a randomly oriented 
B12As2 powder for comparison. The XRD patterns show that B12As2 (110) is a preferred 
orientation on Si (100) (Fig. 4a), but B12As2 (101), B12As2 (003/012), B12As2 (024/211) and 
B12As2 (125/220) peaks are also apparent; this indicates that there is some degree of 
random orientation in the grains of the film. On Si (111), both B12As2 (101) and B12As2 
(104/021) are preferred orientations with another observable peak of B12As2 (205/300) (Fig 
4b). On Si (110), B12As2 (003), B12As2 (006), and B12As2 (009) are displayed, which 
indicates that the B12As2 crystals are c-axis aligned with their (00n) planes paralleling to 
the (110) plane of the substrate (Fig 4c). The c-axis alignment of the B12As2 thin films on 
Si (110) is the same as that on 6H-SiC (0001) substrates [11,14]. The aforementioned 
orientation relationships of B12As2 crystals on silicon substrates are different from the 
reported data in the literature [8], which is probably due to the 150 °C higher growth 
temperatures.    
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(3) Texture analysis (by XRD pole figures) 
XRD pole figures were applied to analyze the texture of the resultant B12As2 thin films 
on the various silicon substrates. Pole figures provide information about the range of 
alignments for specific crystals within the film. 
The B12As2 thin film exhibited the strongest epitaxy when deposited on a Si(110) 
substrate. Figure 5 compares the pole figures of the {003} and {012} peaks at 
2theta=33.48° for B12As2 and of the (311) Si peak at 2theta=88.717°. The intense (003) 
peak at CHI=0° indicated that the [003] direction of B12As2 was parallel to the [110] of the 
Si substrate and that the basal plane of the hexagonal unit cell was parallel to (110) surface 
plane of the Si substrate.  This is consistent with the platelet microstructure observed in 
the SEM micrograph (Fig 3b) and the {00n} peaks observed in the theta-2theta diffraction 
pattern (Fig 4c). There were two sets of {012} peaks at CHI=48°, indicating that there 
were two orientations of B12As2 crystallites related by a 180° rotation about the [003].  
These two sets of in-plane rotational variants, arising from the anti-symmetric triangles at 
opposing faces of a boron icosahedron [16], have also been observed in B12As2 films 
grown on 6H-SiC substrates [14],   and are due to the similar hexagonal surface structure 
of Si(110) and (0001) 6H-SiC [17].  As illustrated in Fig. 5, these two orientations are 
B12As2[1010]//Si[001] and B12As2[0110]//Si[001]. There was some ambiguity in this 
determination, however. When the B12As2[1010] is parallel to Si[001], the B12As2[0110] 
is consequently misaligned from the Si[111] by only 5°. Given that the pole figure was 
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collected in 5° steps about the rotation axis Phi, this means that it is possible that the two 
orientations were instead B12As2[1010]//Si[111] and B12As2[0110]//Si[111].  
Each {012} diffraction peak in the pole figure actually consisted of a peak doublet 
produced by a tilt about the axis defined by the Si[110] (PHI=140°) and Si[110] 
(PHI=320°). The cause for this peak splitting, whether a step in the Si substrate or a true 
misorientation of some B12As2 crystallites, is not known.  
Shown in Fig. 6 is the pole figure of a B12As2 thin film on a Si(100) substrate, 
displaying the {101} peaks at 2θ=27.21°. There were four peaks at CHI=37° and at 
CHI=66°. The peaks at CHI=37° corresponded to {101} peaks produced by grains in 
which the film’s B12As2(110) was parallel to the Si(100) plane of the substrate surface. The 
pole figure of one B12As2 grain with [110] normal to substrate surface would produce two 
{101} diffraction peaks separated by a rotation of 180°; therefore, this pole figure indicated 
that the grains were distributed amongst two orientations related by a 90° rotation. These 
two orientations corresponded to B12As2[1102]//Si[001] and B12As2[1102]//Si[001].  
The other major B12As2 diffraction peaks observed in Fig. 6 roughly corresponded to 
B12As2{101} peaks produced when B12As2[1109] was normal to the surface; this was 
confirmed by the pole figure for B12As2(003) which showed the {003} peaks at a tilt of 
CHI=15°. In the pole figure for {101} peaks, crystallites with [1109] normal to the 
surface produced a peak doublet at CHI=53°, distributed by ±4° around the theoretical 
peak position. These crystallites also produced two broad diffraction peaks at CHI=66°. 
There were actually four sets of {101} peaks, producing the four peak doublets observed at 
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CHI=53° and producing only four sets peaks at CHI=66° peaks because of overlap 
between the diffraction peaks produced by different orientations. The peaks at CHI=66° 
were broadened partially because each was produced by the overlap of two diffraction 
peaks produced by two different orientations. However, this does not account for the 
splitting of the peaks at CHI=53° nor for all of the broadening of the peaks at CHI=66°; it 
is suspected that the grains were not perfectly aligned with B12As2[1109]//Si[100] but 
rather consisted of a distribution of slightly misaligned crystallites or some other 
unidentified defect. The crystallites with [1109] normal to the surface (parallel to Si[100]) 
were distributed amongst four orientations related by 90° rotations about B12As2[1109]: 
these are B12As2[1120]//Si[011], B12As2[1120]//Si[011], B12As2[1120]//Si[011], and 
B12As2[1120]//Si[011]. 
The pole figures defined two distributions of crystallites, each consisting of different 
orientations that were related by 90° rotations about the surface normal. This distribution of 
crystallites was consistent with the “cross” structure in the morphology orientation as 
shown in Fig. 1b. The lack of perfect alignment between B12As2 [1109] and Si[100] also 
allowed for the off-axis reflections, such as (003) and (024) peaks, observed in the 
theta-2theta X-ray diffraction pattern in Figure 4a.  
Shown in Fig. 7 is the pole figure of a B12As2 thin film on a Si (111) substrate, 
displaying the (110) peaks at 2theta=43.67°. The two diffraction peaks corresponded to 
grains in which B12As2[100] was aligned to the surface normal, so that 
B12As2(100)//Si(111). These peaks dominated the pole figure with an intensity of 1500 
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counts; however, these peaks were surrounded by a broad profile of intensity of ~200 
counts. This broad distribution of intensity resembled a wire texture [18], possibly 
indicating that the B12As2 crystals on Si (111) were grown with domains as wires. In fact, 
as shown in the SEM image in Fig. 2(b), the B12As2 crystals were wire like with rough 
surface and thickness. The orientation of the film in the surface plane, with respect to the 
Si substrate, was not determined. 
 
4. Conclusions 
Crystalline B12As2 thin films can be obtained on Si (100), Si (110) and Si (111) 
substrates by chemical vapor deposition at 1300 °C. The B12As2 nucleation behavior and 
film morphology of these B12As2 thin films is distinct due to the variation of the surface 
atomic configurations and activation energies of the substrates. The orientation 
relationships of the B12As2 crystals on these silicon substrates were reported showing 
difference from the literature. Interestingly, c-axis oriented B12As2 crystals were grown on 
the Si (110) substrate, but not on Si (100) and Si (111) substrates. On all silicon substrate 
studied, two or more in-plane orientations were observed.  This non-unique crystal 
orientation on single-crystal substrates is sometimes referred to as degenerate epitaxy [19].  
This is a problem which may cause the B12As2 films to have relatively poor electrical 
properties.  Future efforts to explore the potential applications of B12As2 films will need 
to focus on solving this problem. 
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Figure Captions 
 
Figure 1. The a) AFM image, b) SEM image, and c) planar surface atomic configurations 
for B12As2 deposited on Si(100). 
 
Figure 2. The a) AFM image, b) SEM image, and c) planar surface atomic configurations 
for B12As2 deposited on Si(111). 
 
Figure 3. The a) AFM image, b) SEM image, and c) planar surface atomic configurations 
for B12As2 deposited on Si(110). 
 
Figure 4.  XRD patterns of the B12As2 thin films on the (a) Si (100), (b) Si (111), and (c) 
Si (110) substrates, and (d) the XRD pattern for a randomly oriented B12As2 powder. 
 
Figure 5. XRD pole figures of a) B12As2 (003) and {012} peaks, in which only the 
diffraction peaks from one of the crystal orientations are labeled, and b) the Si {131} peaks 
from the Si(110) oriented substrate. 
 
Figure 6. XRD pole figures of a) B12As2 {101} peaks showing labeling the peaks from one 
orientation when B12As2[110] is normal to the surface (labels italicized)  and from one 
orientation when B12As2[119] is normal to the surface (normal type), and b) the Si {131} 
peaks from the Si(100) oriented substrate. 
 
Figure 7. XRD pole figures of B12As2 {110} peaks produced by grains with [100] normal 
to film surface. 
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Figure 1. The a) AFM image, b) SEM image, and c) planar surface atomic configurations 
for B12As2 deposited on Si(100).
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Figure 2. The a) AFM image, b) SEM image, and c) planar surface atomic configurations 
for B12As2 deposited on Si(111). 
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Figure 3. The a) AFM image, b) SEM image, and c) planar surface atomic configurations 
for B12As2 deposited on Si(110). 
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Figure 4 
a)  
 
b) 
 
Figure 5. XRD pole figures of a) B12As2 (003) and {012} peaks, in which only the 
diffraction peaks from one of the crystal orientations are labeled, and b) the Si {131} peaks 
from the Si(110) oriented substrate. 
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a) 
 
b) 
 
 
Figure 6. XRD pole figures of a) B12As2 {101} peaks showing labeling the peaks from one 
orientation when B12As2[110] is normal to the surface (labels italicized)  and from one 
orientation when B12As2[119] is normal to the surface (normal type), and b) the Si {131} 
peaks from the Si(100) oriented substrate. 
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Figure 7. XRD pole figures of B12As2 {110} peaks produced by grains with [100] normal 
to film surface.  
 
 
